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1. INTRODUCTION

The flowfields involved in advanced scramjet combustion systems are highly
complex, three-dimensional supersonic flows with embedded subsonic regions and
regions of recirculating flow. Problems of fuel injection and the finite-rate
reaction chemistry of hydrogen and hydrocarbon fuels must also be considered.
The critical interrelationship of all of the processes involved in a scramjet
combustion system requires the development of analytical design tools to inves-
tigate in detail the combustor flowfield and provide design and scaling infor-
mation. While considerable progress has been made in the development of ana-
lytic design tools (Ref. 1), the complexity of the problem requires further
progress in a variety of areas.

A necessary feature of an advanced scramjet combustor model is the incor-
poration of a turbulence model that adequately accounts for the effects on the
turbulent shear stress of the non-isotropy of elliptic flows, the effects of
compressibility on turbulence, and the interaction between turbulence and the
chemical reactions occurring within the flowfield. The turbulence model must
be well-supported by experimental data, and sufficiently practical that its use
does not require excessive computational time. It must also be reliable:
sufficiently general that it can be applied with confidence to a variety of
flows, and amenable to the use of estimated initial conditions when detailed
initial turbulence data do not exist. However, since it can be expected that
different effects may dominate in different regions of the flow: non-isotropy
in recirculation regions; compressibility effects (including the effects of
shock waves on turbulence structure) in high-speed flow regions; and turbulence-
chemistry interaction effects in regions in which fuel ignition and combustion
are occurring, a modular approach may be the most efficient overall. In such
an approach, both the numerical solution procedure and the turbulence model are
specialized to account for the particular phenomena that dominate a particular
region of the flowfield.



There is a substantial variety of turbulence models that have been proposed
for turbulent flows of interest in a scramjet combustor environment. These
models range from algebraic eddy viscosity formulations, through one- and two-
equation turbulent kinetic energy models, to multiple-equation Reynolds stress
formulations and direct numerical turbulence simulations. The application of
these models to a variety of turbulent flows, most of which are relevant to
scramjet combustors, has been reviewed in detail by Schetz (Ref. 2). This re-
view shows clearly that of all the turbulence models that have been developed,
only the one- and two-equation turbulent kinetic energy approaches have been
applied to a sufficient variety of flows to be considered reliable in scramjet
applications. Eddy viscosity formulations do not provide the modeling of the
evolution of turbulence structure that is required for a reliable and general
model of the different phenomena which occur in a scramjet combustor, while
Reynolds stress models and numerical turbulence simulations are far too complex
and too little understood to be useful in engineering computations of combustor
flowfields. Thus, the selection of models for scramjet combustor calculations
can be narrowed immediately to the one- and two-equation turbulent kinetic
energy approaches and the algebraic Reynolds stress formulation: the latter
approach, which is not discussed by Schetz (Ref. 2), offers the potential of
incorporating the turbulence viscosity non-isotropy aspects of a Reynolds stress
formulation in an engineering model without the computational complexity inher-
ent in the full Reynolds stress model.

Neither of the two turbulent kinetic energy approaches discussed by Schetz
(Ref. 2) are directly usable as turbulence models for scramjet combustor appli-
cations. The one-equation formulation, which has been developed to include
empirical adjustments for compressibility effects, requires the a priori speci-
fication of a turbulence length scale, and this scale cannot be satisfactorily
specified in a complex flow. The two-equation model requires different coeffi-
cients for planar and axisymmetric flows and also requires empirical adjust-
ments for compressibility effects. Neither of these models is capable of pre-
dicting the response of a turbulent flow to rapid pressure variations.

Recently, Launder and co-workers have initiated the development of a modi-
fied form of the two-equation approach which overcomes several of the problems
encountered with this model (Refs. 3, 4, 5). The basic two-equation turbulence



model involves the solution of transport equations for the turbulent kinetic
energy and its dissipation rate. This latter equation can be viewed as an
equation for the distribution of turbulence length scale, which in turn can be
interpreted as a measure of the average size of the eddies which make up a tur-
bulent flow. A difficulty with this approach is that there is a vast size dis-
parity between those eddies in which turbulence production takes place and the
small eddies in which turbulence dissipation occurs. The description of the
structure of a turbulent flow using a single average length scale implies that
there is a constant relationship between the turbulence-production eddy scale
and the turbulence-dissipation eddy scale and between turbulence-production and
turbulence-dissipation rates. For some flows these rates do not maintain a
constant proportionality and it is in these flows that the basic two-equation
model fails. To overcome this problem, Launder and co-workers suggested a
muitipie-scaie formuiation.

The multiple-scale formulation is attractive for scramjet applications for
several reasons. The most obvious attraction of the model is its potential to
overcome the limitations on generality observed in applications of the basic
two-equation model to axisymmetric and planar flows. Further, Launder and co-
workers have shown (Ref. 5) that the multiple-scale formulation successfully
predicts the development of the turbulence structure under rapid pressure vari-
ation, where the basic two-equation model also fails. But there are other
potential areas in which the multiple-scale formulation has considerable merit,
of which the most interesting is the problem of turbulence-chemistry interac-
tion.

The attraction of the multiple-scale formuiation in problems of turbulence-
chemistry interaction lies in its ability to predict the coupled evolution of
disparate length scales in a turbulent flow. It has long been recognized that
the phenomenon of unmixedness in a turbulent flow is related to the evolution
of small-scale eddies, and thus to the turbulence dissipation rate. On the
other hand, the large-scale turbulent mixing process is related to the effec-
tive turbulent viscosity. Both the turbulence dissipation rate and the turbu-
lent viscosity can be related to a turbulence length scale, but in inverse
ways: the dissipation rate proportional to k3/2/9 and the viscosity propor-
tional to k!/2%. Thus with a single-scale model, increases in length scale



which increase the turbulent mixing rate also imply a decreased dissipation

rate and thus larger unmixedness effects. With a multiple-scale model, the

effective viscosity length scale and the dissipation Tength scale are sepa-

rately computed, so that unmixedness phenomena can, at least potentially, be
more realistically examined and related to the rate of heat release.

The objective of this program is to develop accurate and reliable turbu-
lence models suitable for use in predicting scramjet combustor flowfields.
While it is recognized that because of the complexity of scramjet combustor
flowfields, different models may be required for different parts of the flow,
the potential for increased generality inherent in recent developments in tur-
bulence modeling should be exploited. The multiple-scale formulation has been
shown (Ref. 5) to overcome two of the major problems encountered in the use of
the two-equation model, and thus it appears to be attractive for scramjet
applications. However, it has not been used in a wide variety of flowfield
predictions, so that its reliability is undetermined. Further, its use intro-
duces at least two additional variables and transport equations, for which
initial conditions must be provided, and the sensitivity of the model to ini-
tial condition specification is undocumented. Thus, an extensive investigation
was carried out under this program to examine the capability of the multiple-
scale formulation over as wide a variety of flows as possible, and to develop
methods for the reliable estimation of the initial conditions required by the
model. Because the bulk of the available data for model verification involves
boundary layer type flows (jets, wakes, shear layers), most of the comparisons
of model predictions with experimental data described in this report involve
these flows. However, jets, wakes, and shear layers are fundamental parts of
the complex flowfields encountered in scramjet combustion chambers; moreover,
reliable numerical solution procedures exist for them, avoiding the problems
of numerical solution inaccuracy which can complicate the interpretation of
turbulence model performance in more complex flows.

In addition to the investigation of the multiple-scale model and initial
condition estimation techniques, a number of other aspects of the problem of
turbulence modeling for scramjet combustor applications have been considered in
this program. Compressibility corrections to the dissipation equation have
been evaluated in the context of the multiple-scale model. Recirculating
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flowfields require the solution of the elliptic Navier-Stokes equations, and
numerical solutions of these equations which are adequate for mean flowfield
prediction are not, in general, adequate for turbulence model verification.
Thus the application of elliptic solution techniques to recirculating flowfield
prediction has been investigated to establish the grid resolution and conver-
gence criteria required to adequately test different turbulence models. The
algebraic Reynolds stress model defined by Rodi (Ref. 6) has been formulated
for application to axisymmetric elliptic flows where shear non-isotropy effects
may be important.

A1T of the work that has been carried out under this program to develop
accurate and reliable turbulence models for scramjet combustor applications is
described in detail in this report. The basic equations and turbulence model
formulations are described in Section 2, which includes a description of the
basic two-equation model, the algebraic Reynolds stress model, and the multiple-
scale approach. Results of the application of the multiple-scale model to a
variety of flowfields are described in Section 3, which includes a description
of the results of the investigation of initial condition estimation techniques
and of an initial investigation of compressibility corrections. The use of
elliptic numerical techniques to provide solutions of recirculating flow prob-
lems suitable for the study of turbulence modeling is also discussed in this
section. The results obtained from this program are discussed in Section 4,
which also presents recommendations for further work in this area.
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NOMENCLATURE

jet species concentrations

multiple scale model coefficients defined by Eq. 22

jet diameter or planar body thickness

enthalpy fluctuation

total enthalpy

turbulent kinetic energy

production-region turbulent kinetic energy, multiple-scale model
transfer-region turbulent kinetic energy, multiple-scale model
turbulence dissipation rate length scale

turbulence-producing grid mesh size

Mach number

local Mach number
pressure

turbulent Prandtl number
turbulent Prandtl number for turbulent kinetic energy

radial coordinate



<

e

0.1

< <

0.9

Greek

inlet radius

ith component of turbulent velocity fluctuation

axial mean velocity component

ith component of mean velocity

transverse or radial mean velocity component
axial coordinate

ith component of Cartesian coordinate system

lateral coordinate, planar fliow

transverse distance at which (U—UI)/(UI—UE) 0.5 (shear layer)

transverse distance at which (U—UI)/(UI-UE) 0.1 (shear layer)

1)

transverse distance at which (U—UI)/(UI—UE) 0.9 (shear layer)

species mass fraction

Kronecker delta, = 0 when i # j, = 1 when i

1}
.

turbulent kinetic energy dissipation rate

turbulent kinetic energy dissipation rate, production region,
multiple-scale model

turbulent kinetic energy dissipation rate, transfer region,
mulitiple-scale model

wave number

dynamic viscosity

turbulent effective dynamic viscosity
turbulent effective kinematic viscosity
density

shear layer growth rate parameter

shear layer growth rate parameter for UE/UI =0



T:: shear stress tensor

¢ generalized dependent variable

Subscripts

CL centerline value
E outer edge value
I inner edge value
J Jjet value



2. DESCRIPTION OF TURBULENCE MODELS

2.1 BASIC EQUATIONS: REYNOLDS AND FAVRE AVERAGING

Since direct solution of the time-dependent Navier-Stokes equations is
practical for only a limited class of turbulent flows, the point of departure
for practical problems involving turbulent flows are averaged versions of these
equations. Averaged sets may be derived either through Reynolds (volume) aver-
aging (Ref. 7) or Favre (mass) averaging (Ref. 8). In the Reynolds averaging
procedure a given dependent variable, ¢, is written in terms of its mean and
fluctuating component,

o =F+ ¢

where ¢' = 0 and the overbar represents a time-average. In the case of Favre
averaging, the basic relationship is

56 = 56 + po" = pd + p¢"

or

$ = po/p
Under this definition
¢" = (pd - pp)/p # 0

while

53" = [plod) - p(pd)]/p = 0

To compare the results of these two approaches, consider the momentum equation,
which for a compressible flow is written, in Reynolds-average form

e ek Wit AN TS, |

P5¢ ( Ui e ui) X - axi (T1J + Tij)

B L A G U G ) )
axi 1] J axi ot 1 axi



where

and

ij i i%j
and in Favre-averaged form
. oU.
~ 3 =N J _ oP 9o T v 0
b ¢+ oU; TR TP T (55 + 45 * 145") (2)
where
T _ _ =g
Tij = -p Ui Uj
N a?IJ 3l ) aﬁJ
Tig T MEx ek T3 Cid
and

au.ll au'll .Il
oM M 2
ij Bxi axi 3 axi ij

While at first glance the Favre-averaged equations appear to be considerably
simpler than the Reynolds-averaged equations, closure hypotheses have in gen-
eral been developed for the Reynolds-averaged equations. This situation exists
for several reasons, of which the primary one is that most measurements of the
correlations to date have been of the Reynolds-averaged correlations, in flows
which are basically incompressible. Furthermore, Morkovin's hypothesis, that
p' has a small effect on turbulence structure if p'/p << 1, sanctions the use
of incompressible turbulence models in a compressible flow for M < 5 in a
boundary layer, M < 1 in a mixing layer, if mean density gradients have a small
effect (Ref. 9).

In utilizing the Favre-averaged equations it is generally assumed that
models developed for the Reynolds-averaged turbulence correlation terms are
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also suitable for their Favre-averaged counterparts. This is often justified
by observing that modeling the mass-averaged correlations in a manner similar
to that in which the Reynolds-averaged correlations are modeled is preferable
to the tacit neglect of the density fluctuation terms involved in modeling
compressible flows using turbulence model equations derived from the incompres-
sible Navier-Stokes equations (Ref. 8). It might also be noted that consider-
ably fewer separate modeling assumptions are necessary when using the Favre-
averaged equations relative to the Reynolds-averaged form, because of the
grouping of terms inherent in Favre-averaging, although this advantage is con-
siderably reduced by the inability to use available experimental data in carry-
ing out the modeling.

If the modeling of the Favre-averaged equations is carried out along the
lines outlined above, and the resulting equations are compared to the Reynolds
equations, the comparison shows that the two sets of equations are equivalent
as Ui - Ui’ While this is not a surprising conclusion, as the limit Ei - Hi
implies p'/p » 0, the data of Stanford and Libby (Ref. 10) for a helium jet
exhausting into air at low velocity shows that for this flow, the 1imit is
nearly reached, i.e., Gi/ﬁi =~ 1. Although these data are for a relatively
simple configuration, and extrapolation to flows with significant compressi-
bility effects must be approached with caution, the helium-air system does
involve a relatively large density ratio. Thus, in the context of utilizing
the same modeling for the Favre-averaged equations as is used for the Reynolds-
averaged equations, little is gained with respect to the turbulence modeling
problem through use of the Favre-averaged form, and the Reynolds-averaged
equations will be assumed in subsequent discussions.

2.2 CLOSURE HYPOTHESES FOR THE REYNOLDS-AVERAGED EQUATIONS - BOUNDARY LAYER
FLOW

If Morkovin's hypothesis is invoked, so that terms involving density and
pressure fluctuations can be neglected, and the molecular transport terms
are neglected compared to the turbulent transport terms, the governing equa-
tions reduce, for steady flow of a single component gas to:

11



Continuity

3(pUs)
. 0 (3)
Momentum
oU.
_J - —y . oP
PU§ o, . (P iuj) ax; °1j (4)
Energy
M _ 3 (v o) |- o VIRT)
PUj Bk, T T e, [p(uih ' “ik)] x; (UiPUity) (5

where, in these equations, the overbars have been omitted from the mean parts
of the dependent variables. Thus, closure hypotheses for this reduced set of
equatigﬁs reduce to obtaining expressions for the correlations bﬁ;ﬁs, pﬁ;ﬁ',
and puik. By far the most generally accepted approach to the reguired closure
modeling for these equations is that involving the definition of an effective
viscosity, i.e.,

“PUil = Merr\Bx; T EX, )T 3 P (6)
u
T - eff _él_‘l_
-push’ = —pp <3x1> (7)
u
— _ Teff [ 3k
-ousk = Pr, (ax1> (8)

so that the additional closure assumption required involves a model for Haff-

In Egs. 6-8, Pr is the Prandtl number and Prk represents a Prandtl number for

turbulent kinetic energy, k = % U;Gi. The most widely used model for Hoff is

the two-equation model, described by Launder, et al. (Ref. 11) and Launder and
Spalding (Ref. 12); in this model

- 2
Hagf = Cu pk</e
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where € represents the turbulent kinetic energy dissipation rate and Cu is a
constant. The variables k and € are themselves obtained from modeled transport
equations derived from the (incompressible) Navier-Stokes equations, so that
the two-equation model requires, in addition to Eqs. 6-8, the solution of:

Turbulent Kinetic Energy Transport

u oU.
) 3 eff 29k J— i
= (pUsk) = ( >-DU-U-———-p€ (9)
3Xi i axi Prk axi i%] axj
and
Turbulent Kinetic Energy Dissipation
H U,
) _ 93 eff se 3 — i

in which C_,, C_,, and Pr_ are constants.
el €2 €

2.3 CLOSURE HYPOTHESES FOR THE REYNOLDS-AVERAGED EQUATIONS - ELLIPTIC FLOWS

The two-equation model has provided good results in boundary layer-type
flows and some recirculating flows, and the multiple-scale formulation de-
scribed in the next section offers promise of increasing the generality of the
basic two-equation model. However, both of these models involve an isotropic
viscosity assumption: that is, it is assumed in the formulation that the
anisotropy of the Reynolds stresses is determined locally and that the princi-
pal axes of stress and strain are coincident. In some flows, this assumption
may not be appropriate. An alternative to these approaches which does not in-
volve an isotropic viscosity hypothesis is provided by Reynolds stress modeling,
in which transport equations are solved for each of the U;Uj components; the
kinetic energy equation is obtained from the Reynolds stress equations when
i = j. There are a number of postulated ciosures for the Reynolds stress
equations, but Pope and Whitelaw (Ref. 13) note that these closures differ
only in the term which represents redistribution of energy among the stress
components (i.e., the tendency-toward-isotropy term).

In Ref. 13, Pope and Whitelaw carried out an assessment of two Reynolds
stress models and the two-equation model, comparing detailed predictions of

13



mean flow and turbulence quantities with measurements obtained in planar and
axisymmetric two-dimensional isothermal wakes. The conclusions of this study
are of considerable interest here: in terms of mean velocity, little difference
was observed between the predictions of the three models in the planar wake
case, while for axisymmetric wakes the differences between the models were more
strongly a function of the boundary conditions assumed than of the particular
model used. That is, a change in assumptions regarding the boundary conditions
produces a greater change in the predictions of all three turbulence models

than the differences between the models for a given boundary condition.

For the axisymmetric wake with recirculation all of the models underpre-
dict the length of the wake region and the rate of spread of the downstream
wake. This deficiency is attributed by Pope and Whitelaw to the dissipation
equation, which is common to both of the Reynolds stress models. It is of
interest to note that both the modeling introduced by Launder for the solution
of the planar-round jet discrepancy observed in the use of the two-equation
model (Ref. 14) and the empirical compressibility corrections that have been
applied to the one-equation turbulence model (Ref. 15) also involve the dissi-
pation equation. Taken together, these observations suggest that improvements
in dissipation equation modeling, which is a key element of the multiple-scale
formulation, are necessary to provide increased generality of turbulence models.

Although Pope and Whitelaw (Ref. 13) note that through careful choice of a
solution algorithm, it is possible to solve the five-equation Reynolds stress
model with only 50% more computer time than the two-equation model; this in-
crease in solution time could be significant in complex problems. An alterna-
tive approach, which still retains some of the ability of complete Reynolds
stress models to predict non-isotropic flows, is the algebraic stress model
proposed by Rodi (Ref. 6). Starting with the Reynolds stress equation, Rodi
notes that if a consistent "simulation" of the convection and diffusion terms
in this equation can be devised in terms of already computed quantities, then
it reduces to an algebraic equation.

Although the simplest simulation is to neglect the convection and diffu-
sion terms entirely, this does not produce a result consistent with the require-
ment that the sum of the normal stress terms obtained from the truncated equa-
tion add up to 2k, except in a special case. Rodi thus proposes the simulation

14



u.u

(conv. - diff.) of U;Uj = k‘j (conv. - diff.) of k

Rodi tested this approach on the predictfon of the normal stress level in free
boundary layer flows, including a mixing layer, plane jet, and plane wake. The
predictions of the normal stress using this approach are in some cases better
than that achieved using the full Reynolds stress approach; however, for these
computations Rodi did not couple the modeled Reynolds stress equation to the
momentum equation: that is, the shear stress in the momentum equation was
evaluated through an effective viscosity hypothesis and not using the Reynolds
stresses. Nonetheless, the relative simplicity of this approach is such that
its use in the engineering calculation of recirculating flows should be further
investigated.

Althoua annlicati
3[[ (3} UPPI “u e

-
(]
)
Q

n of the Rodi al
two-dimensional elliptic flows is relatively straightforward, the equation
system for axisymmetric elliptic flows becomes relatively complex. Since it
does not appear that these equations have previously been derived, the equation
set is reproduced here in its entirety. The stress terms appear in the equa-
tions of motion as first derivatives, reflecting their derivation from the con-
vection terms of the Navier-Stokes equation under Reynolds-averaging, and they
can thus be numerically modeled as source terms. However, following a sugges-
tion of Launder's, they are modeled here as diffusion terms, with non-isotropic
turbutlent eddy viscosities, to facilitate their use in numerical solution pro-

cedures. The governing equations are

Continuity
3(pU) , 1 3 ]
5 T v e (PVr) =0 (11)
x-Momentum

u2 u_1 [
2V 4 12 (orow) = 2 (1, 2 - Ly, W) L2 Ne(u, B 1)]

ax X u 9x uv ax ar or uv r
1 3 Y v aU 41 3 YA
23 (“v ar F ey T 2 Wy B ) ¥ §'F'§F'[“u ax |~ ax (P *3ek) (12)



r-Momentum

1 3U aU v U, avy| . 8 2
* o [uu % Mar T SR T T My (ar BT )J ar (P +30k) (13)
where
wo =T (e +1) r, = 1K
u t t = 2P¢
_ 1 (P
W, =Ty (e, +1) A= (l-a)milH =1
He =Tp (e, +1) a = 0.4
Moy = Ft euv w =2.5
Turbulent Kinetic Energy
3(pUk) , 1 3 _d [, Bk ok
5% v ar (pVkr) ax {Mku 3x * Hkuv ar
13 ok ak
+F§7[r(“kv57+ukuva_x)] v Py e (14)
- . 3, v au v v
Pk = - ek [euv( r ' ax ) * (eu +1) ax (ev +1) T (ew +1) r J

A L L ey - 2 2y 22

9X ar ax \"eu ax = Yeuv or
13 3k de €
+—-_ ~ —— — -
roor {r (“ev ar  Veuv 3x )J X (Celpk ngps) (15)
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where

C
- ¢ PKk2 - _E
Hru Cs € (eu + 1) Heu CS Hiy
C
- ¢ Pk2 - e
Hiy Cs € (ev +1) Mev CS Hey
C
- Pk - €
Heuv Cs e Suv Heuv CS Hyuv

cC_=0.2 C_=0.15 C,=1.45 C ,=1.9
€ € €

1 2

These equations are closed by a set of four algebraic normal stress relations,
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to be solved simultaneously, where
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2.4 MULTIPLE-SCALE MODELING

While reasonably good results have been achieved with the two-equation
model in a variety of flows, including boundary layer flows and recirculating
flowfields (Refs. 11, 12), several problems in its application exist. One of
these is the round-jet problem: the simple configuration of the jet into still
air cannot be modeled correctly while using the same constants used to model
other flows, such as plane jets and coaxial axisymmetric jets. Further, the
far wake problem and the effects of compressibility have not been adequately
handled. In each case, the treatment of the dissipation rate is of paramount
importance, and recent work by Launder and co-workers (Refs. 3, 4, 5) has
pointed to a possible solution to this problem.

The key to the new multiple-scale approach is the recognition that while
the dissipation equation (Eq. 10) and the kinetic energy equation (Eq. 9) both
contain production and dissipation terms, these processes occur in different
spectral regions of the flow. That is, turbulence energy production occurs in
the larger eddies in the flow, while dissipation phenomena involive primarily
the smaller scales. Thus, there must be a transfer of energy from the larger
scales to the smaller, and this transfer can, in certain situations, introduce
a lag phenomenon, so that turbulence energy production and turbulence energy
dissipation do not necessarily both increase or decrease in the same region of
the flow as is implied by Egs. 9 and 10.

To introduce a model in which the evolution of the different scales appro-
priate to the large-eddy production region and the small-eddy dissipation re-
gion can be accounted for, Launder and co-workers introduced a partitioning of
the turbulence energy and its dissipation rate, as shown schematically in
Figure 2-1. 1In this figure, a partitioning into three regions is shown. For
wave numbers less than Ki» @ production region is defined, characterized by a
turbulent kinetic energy kp and a dissipation rate €p- This dissipation af-
fects the transfer of energy through the transfer region K1 < K < Ko for wave
numbers higher than Kos dissipation of turbulence energy into heat takes place.
A separate kinetic energy and dissipation rate equation is written for the
transfer region, characterized by kT and e and the production term in the
kinetic energy equation for the transfer region is the production region dissi-

pation rate Ep'
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ENERGY SPECTRAL DENSITY

K1 K2
WAVE NUMBER

Fig. 2-1. Spectral Division of Turbulence Energy
and Dissipation Rate

The partitioning of the energy spectrum that is the key feature of the
multiple-scale model can clearly be carried out as many times as computer capa-
city will allow, but in practice, a partitioning into three regions appears to
be sufficient (Refs. 4, 5). This requires two sets of transport equations,
given the assumption (basic to most turbulence modeling) that the mechanisms
involved in the final dissipation of turbulent kinetic energy into thermal
energy are capable of accepting all of the energy transferred to them. This
assumption is the reason that the physical fluid viscosity does not appear in
the turbulence dissipation rate equations and is supported by the observed
Reynolds number invariance of fully-turbulent flows. Further, in practice it
also is observed that the exact point in the wave-number spectrum at which the
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energy spectrum is partitioned does not appear to exert much influence on the
results; however, it does appear to be influential in initial condition deter-
mination, as will be subsequently discussed.

The model equations, for axisymmetric parabolic flow, for the production
and transfer region turbulent kinetic energy and dissipation rate are similar
in form to those used in the two-equation model. The development of these
equations is discussed in some detail in References 3-5; they are:

Production Region

ak ) ur ok 2 k_ + k
_P _p_12 (T "p oU\* _ (T} 3
pU toV roor ( ¥ Hy pep P 3 9X

dx or o, or or
P (17)
de e U 9€ 2 € e ? 2
p pola (T 77p U\ “p P ' au)
ol oX toV ar r‘BY‘(oE or ¥ Cpl“T ar kp pCp2 kp * pCplkp ar
P (18)
Transfer Region
ok ok u+ 9k
i N I - Y N I -
pU X toV ar r mﬂ(ok ar ) * pEp PEr (19)
T
o€ o€ Ur € £ € g2
T T_139 T T p T _ T
PU S * PV 5 = v ar <ok 8r> * ol kr P Cro Ky (20)
T

in which the subscript p refers to the production region and T to the transfer
region. In this formulation, the turbulent viscosity is given by

k
=0C, (ky *kp) g2 (21)

Hr
p

This formulation introduces six coefficients, compared to three for the two-
equation model, but values for several of these coefficients can be inferred
from two-equation model results and from examination of limiting cases. The
procedure used to establish the coefficients is described in detail in Ref. 5;
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the results are

K K \
C,=2.2,C,=1.8-03[lL2-1 P4
pl p2 K K
T T
% >
Crq = 1.08 el Crp = 1.15 (22)
Cpp = -0-11 , € = 0.10 )

In addition to the modeling required to represent the multiple-scale approach,
these equations also introduce additional modeled expressions. Thus, Eq. 17
contains the usual convection, diffusion, production, and dissipation terms;
but in addition, the last term represents production of turbuience due to axial
velocity gradients (which is of noticeable importance only in jet flows).
Further, Eq. 18, for the production region dissipation rate, includes a term
(the Tast term on the right-hand side) which accounts (indirectly) for turbu-
lence energy generation by irrotational strain (Ref. 5). This term vanishes 1in
an irrotational flow and is otherwise negative. These additional terms are not
fundamental to the multiple-scale model and have been applied to improvement of
the basic two-equation approach with good results (Ref. 14).

It has long been observed that there are certain "pathological" flows
which available turbulence models are unable to adequately represent. One of
these is the flowfield that results when a grid-generated decaying turbulent
wake flow is passed through a contraction section. During this process, the
kinetic energy is observed to increase and then decay again, but at a slower
rate than before. Two-equation model predictions either underpredict the
secondary peak achieved and the subsequent rate of decay, or overpredict both,
depending on the coefficients selected: proper prediction of both the second-
ary peak energy level and the subsequent rate of decay seems to be beyond the
capability of the basic two-equation model. The multiple-scale model does
successfully predict this flow, and study of the calculation results of this
flowfield (taken from Ref. 5) provides further insight into the behavior of
the multiple-scale model.
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Figure 2-2 shows the results of two-equation and multiple-scale model

computations of the turbulent kinetic energy level of a decaying wake flow

passed through a 4:1 contraction, compared to the measured data for this flow

(Ref. 5).
1.2 T T T
— — — EXPERIMENT
Lok e SINGLE-SCALE |
) DOUBLE-SCALE
b
S
X
xl——
AQ.
4
~
0 1 1 1
20 40 60 80
Fig. 2-2. Development of Kinetic Energies in 4:;1 Contraction (Ref. 5)

Clearly, the multiple-scale (here "double-scale") model provides a very good
representation of this flowfield, one that is considerably better than that

produced by the basic two-equation ("single-scale") model. Of additional

interest is the manner in which this improvement is achieved. In the single-

scale approach, the increase in kinetic energy would immediately result in an

increase in the dissipation rate of turbulent kinetic energy. For the multiple-

scale approach, the division of the energy spectrum into a production region
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and a transfer region introduces a lag in the increase in dissipation rate. As
can be seen from Figure 2-3, the increase in production region kinetic energy
is, as in the two-equation formulation, accompanied by an increase in production
region dissipation rate. But instead of being lost from the turbulence energy
budget, as would be predicted by the two-equation model, this energy is trans-
ferred to a different spectral region. The ultimate transfer of this energy to
the smaller scales which produce dissipation of turbulence energy into thermal
energy lags the transfer of energy from the production region to the transfer
region, as can be seen from Figure 2-3. This results in the higher peak

energy and subsequent rapid decay seen in Figure 2-2.

Ep, ET

20 30 40 50 60 70 80 90

Fig. 2-3. Development of Energy Transfer Rates
Through 4;1 Contraction (Ref. 5)

Thus, the basis of the multiple-scale approach can be described through
the use of a "tank-and-tube" analogy as shown in Figure 2-4 (Ref. 5). The
dissipation rate, Ep serves as a "valve" controlling the transfer of energy
from the production "tank" to the transfer "tank"; the loss of energy from the
transfer "tank" is defined by the dissipation rate 1> which by definition is
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equal to the rate of conversion of turbulence energy to thermal energy. Pro-
duction of turbulence, Pk’ which occurs in the larger eddies, feeds .into the
production region "tank" and not the transfer region. For relatively simple
flows, in which the basic two-equation model performs well, ep = €r = €, SO
that there is 1ittle or no energy buildup in the transfer region. But for more
complex flows, ep and er are not equal, and turbulent kinetic energy is trans-
ferred from the production region to the dissipation region, but not immedi-

ately destroyed.

==
11 Py

Fig. 2-4. Tank-and-Tube Analogy of Spectral
Transfer of Energy

The multiple scale approach has several advantages in the context of scram-
jet combustor modeling. Scramjet flowfields involve localized regions of strong
pressure gradients, which are known to severely affect local turbulence Tevels.
Thus, a model which predicts the behavior of a turbulent flow passing through a
strong pressure gradient associated with waves and wave interaction and regions
of fuel injection and ignition is potentially more accurate and reliable than
the two-equation model for scramjet applications. Moreover, as pointed out in
the Introduction, the multiple-scale approach offers the possibility of the
development of deterministic relations for unmixedness effects important in
modeling ignition and flame stabilization phenomena. However, before proceed-
ing with the use of the multiple-scale approach, its reliability needs to be
established: how well does the model perform for a variety of flowfields, all
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of which can be encountered in scramjet combustors? Further, the multiple-
scale approach requires more detailed initial conditions than does the two-
equation approach, and if it is to be utilized in an engineering model, reli-
able methods for estimating these initial conditions need to be determined.

25



3. RESULTS OF MULTIPLE-SCALE MODEL COMPUTATIONS

In order to establish the accuracy and reliability of the multiple-scale
turbulence model approach, and to develop a reliable method for initial condi-
tion specification for this model, an extensive series of computations and
comparisons with available experimental data have been carried out. Most of
the data used in this comparison are those used for comparison with computations
at the 1972 NASA-Langley Symposium on Turbulent Shear Flows (Ref. 16). These
data have been utilized for several reasons: the symposium committee selected
these cases as the most suitable for comparison purposes after an exhaustive
survey of available data; they represent a variety of flowfields most of which
are highly relevant to scramjet combustor applications; and comparison with
these data provides a ready reference point for comparison of predictions of
the multiple-scale model with other turbulence model approaches. Other data
have also been incorporated into the comparisons reported in this section,
where appropriate either because of certain questions which exist with regard
to some of the data used in the 1972 Langley Symposium or because the particu-
lar configuration of interest was not included in the Symposium flows. Through-
out this section, comparisons of multiple-scale model predictions with those of
the "standard" two-equation model are reported. For these comparisons, the
two-equation model results described in Ref. 16 were not used. Instead, the
two-equation model results presented in this section were obtained using the
same computer code and initial condition determination technique utilized for
the multiple-scale model.

The calculation technique utilized for all of the parabolic flowfield
solutions described in this section is based on the explicit finite-difference
code described by Boccio, et al. in Ref. 17. This code solves the equations of
motion in stream function coordinates and is capable of computing planar or
axisymmetric, free or ducted turbulent flow phenomena for incompressibie or
compressible flows. For use in this work, the code was slightly modified to
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allow input of initial profiles in physical rather than stream function coordi-
nates and to incorporate both the two-equation and multiple-scale turbulence
models. Elliptic flowfield calculations for the recirculating, sudden-
expansion flowfield case used an implicit finite-difference code similar to the
Imperial College TEACH formulation (Ref. 18). In this case, it was found
necessary to use a fine, 25 x 100 computational grid to ensure adequate freedom
from numerical diffusion effects to provide a test of the turbulence model for-
mulation. About 1000 iterations were required with this degree of grid fine-
ness to obtain a stable solution in terms of predicted recirculation zone
Tength.

3.1 INITIAL CONDITION DETERMINATION

A central issue with regard to the use of advanced turbulence models for
the prediction of flowfields of engineering interest is the development of
techniques for the accurate estimation of initial conditions and the sensi-
tivity of the model itself to the initial conditions. This issue arises be-
cause the more general turbulence models involve the solution of turbulence
transport equations reflecting the evolution of the turbulence structure.

These more realistic models require more detailed initial condition data. How-
ever, these data, for example for initial turbulent kinetic energy and dissipa-
tion rate profiles, are generally not available: certainly such detailed data

cannot be expected to be available for most scramjet flowfields. On the other

hand, sensitivity to initial conditions is not a true test of turbulence model

performance and is seldom included in turbulence model evaluations.

Because the objective of this program is the development of turbulence
models for engineering use, with certain exceptions all of the computations
reported herein begin from estimated, rather than measured, initial turbulence
data. In some cases, initial mean flow profiles have also been estimated. For
the multiple-scale model, not only must initial turbulent kinetic energy and
dissipation rate data be specified, but also the initial partition of the
energy and dissipation rate into production and transfer regions. Thus, an
extensive investigation of initial condition effects on flowfield predictions
has been required.
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An example of the sensitivity of turbulence model predictions to initial
condition specification is shown in Figure 3-1. In this figure, a variety of
single-scale two-equation model predictions of the downstream decay of an axi-
symmetric jet are shown. Computations were initiated at X/D = 60 using mea-
sured turbulent kinetic energy profiles as initial conditions; the only differ-
ence between the computations shown is the assumed dissipation rate. Model
coefficients used were those shown in the figure.

TWO-EQUATION TURBULENCE MODEL (Equations 9, 10) o  DATA (Ref. 22)

Pr, = 0.9, Pr. = 1.22, Cu = 0.09, C_; = 1.44, PREDICTIONS
C,=1.90 ———— 0.5 x equilibrium ¢
0.10 €2 ———— equilibrium e
—-—— 2.0 x equilibrium ¢
N —— —— 3.0 x equilibrium ¢
0.08¢

0.06|-
Yo
U.
3 0.04F
D = 0.026416 m
0 1 1 I I 1 1 l
60 70 80 90 100 110 120

X/D

Figure 3-1. Effect of Initial Dissipation Rate on Axial Velocity Decay,
Far Field of Axisymmetric Jet

The basic assumption used to generate dissipation rate initial conditions
is usually taken to be that turbulence energy production equals turbulence
energy dissipation rate. As these results show, for this flow this "equilib-
rium" assumption results in a slightly overpredicted initial centerline veloc-
ity decay rate. Other perturbations on the "equilibrium" assumption produce
the other results shown in Figure 3-1. While this flowfield is especid]]y
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sensitive to initial condition specification, since by X/D = 60 the jet has
progressed into a relatively weak shear region, these results indicate the
level of initial condition sensitivity that can be encountered with a widely
used turbulence model.

Despite the sensitivity illustrated in Figure 3-1, an extensive investi-
gation of initial condition estimation techniques carried out as part of this
program has resulted in a generalized approach that, as will be shown, pro-
vides reasonably good results for all of the flowfields considered. The
technique applies to initial conditions in the strong-shear region of the
flow, where the sensitivity exhibited in Figure 3-1 is somewhat reduced, as
well as to initial conditions in the weak-shear region. The approach is
based on the use of eddy viscosity models to generate an initial shear stress
and thus kinetic energy profile, and is based on the technique devised by
Harsha (Ref. 19) for use with the one-equation turbulent kinetic energy model.
It can be summarized as follows:

1. Origin at nozzle exit: Maise and McDonald (Ref. 20) eddy

viscosity profiles are used to establish the initial shear
stress and thus the turbulent kinetic energy distribution;
actual boundary layer thickness is used if reported, other-
wise § = 0.10 r;; actual boundary layer velocity profile is
used if reported; otherwise a 1/7 power law boundary layer

is assumed. The initial turbulent kinetic energy partition
is given by kp = 4ky (and kp + k7 = k).

2. Origin in potential core region (jets) or before self-
preserving region (wakes and shear layers): The Prandt]
eddy viscosity model is used to establish the initial shear
stress and thus turbulent kinetic energy distribution, along
with measured velocity profiles. An eddy viscosity coeffi-
cient of 0.005 is used with the length scale equal to the
mixing region width. The initial turbulent kinetic energy

partition is assumed to be kp = 4kg.

3. Origin in self-preserving region: The measured velocity and,
if available, turbulent kinetic energy profiles are used;
otherwise the turbulent kinetic energy profiles are obtained
from the Prandtl eddy viscosity model, with a coefficient of
0.014 and a length scale given by the mixing region half-
width. The initial turbulent kinetic energy partition is

given by kp = kT'
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Once an initial eddy viscosity distribution is obtained by one of these ap-
proaches, the relation

|t] = 0.30pk
which has been found to be supported by a wide variety of experimental data
(Ref. 21) is used to obtain the kinetic energy distribution from the relation

3U
|

_ Il .
k=3.33 0 =3.33 vy |57

In the region of a centerline this approximation fails, since k does not ap-
proach zero on a centerline while 1t does, so that for this region the initial
value of k is assumed to be equal to its maximum value attained in the derived
profile. Given k, the dissipation rate, €, is obtained from an equilibrium
hypothesis; for the multiple-scale model the initial partition between kp and

k— is as outlined above, while in all cases ep = €7 initially.

T
The effect of the choice of the initial partition of the kinetic energy
into production and transfer regions is shown in Figure 3-2, which, like Figure

3-1, shows results obtained for the axisymmetric jet case. For this case, as
noted earlier, the initial turbulent kinetic energy is obtained from experimen-

tal data. Use of the weak-shear region partition, k_ = kT can be seen to pro-

P
vide a better representation of the initial decay rate than does the strong-
shear partition, kp = 4kT. Neither of the initial conditions result in a

proper representation of the far-field decay rate for this flow, for reasons

that are discussed in the next section.

3.2 AXISYMMETRIC JETS

In this section, results of computations with both the two-equation and
multiple-scale models are compared with experimental data for axisymmetric,
single-gas jets. The experiments include the jet-into-still-air and two-stream
coaxial jets, in the latter case both ducted and free. While these particular
configurations are not directly applicable to scramjet combustor flowfields,
they provide well-documented data that is suitable for a critical test of tur-
bulence modeling. Further, single-jet experiments at different nozzle exit
Mach numbers provide a test of the ability of turbulence models to predict
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compressibility effects in reasonably simple flowfields, and the prediction of
compressibility effects is of critical interest in the development of turbu-
lence modeling for scramjet combustors.

0.10 - Us = 51.05 m/s
D = 0.026416 m
0.08 \-
0.06 -
YL
Y;
0.04 o DATA
PREDICTION
0.02 - ko = kg
— —ky = 4k,
0 L—_1 1 1 ] 1 1 ! I
60 70 80 90 100 110 120 130

X/D

Fig. 3-2. Effect of Initial Kinetic Energy Partition on Centerline
Decay Prediction, Far Field of Axisymmetric Jet

The development of an axisymmetric jet in the far field was the focus of
test case 18 of the 1972 NASA Langley Symposium. These data, from Ref. 22,
were obtained using a linearized constant-temperature hot wire anemometer in
the self-preserving region of a free jet, X/D > 60. A variety of initial con-
ditions are possible for this flowfield: use of the experimental data given
for X/D > 60; use of other experimental data for 0 < X/D < 60; or estimated
nozzle-exit initial conditions. Because of the initial condition sensitivity
that has already been noted, when the computation is begun in a weak-shear
region, computations for this case are 1initiated from experimental initial
conditions reported by Bradshaw, et al. (Ref. 23) at X/D = 1, using the Prandtl
eddy viscosity model to estimate the initial kinetic energy profiles.
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Unfortunately, although test case 18 was selected in the 1972 NASA Langley
Symposium to represent the asymptotic jet, these data exhibit an anomalous be-
havior, as has been noted both by Harsha (Ref. 24) and by Rodi (Ref. 25): be-
tween X/D = 60 and X/D = 70 the slope of the experimental velocity decay curve
changes sharply, with concurrent changes in the overall flow momentum flux.
Thus, for asymptotic jet prediction comparisons, the test case 18 data have
been supplemented by the experimental data obtained by Albertson, et al. (Ref.
26) and by Baines (Ref. 27).

Turbulence model computation results for both the multiple-scale and two-
equation (k-e) models are shown in Figure 3-3 compared to all of the data noted
in the preceding paragraph. For this, and all subsequent comparisons, the co-
efficients used with the multiple-scale model are those given by Egs. 22; for
the two-equation model the coefficients shown in Figure 3-1 have been used.
Thus, no attempt has been made to use for the two-equation model the coeffi-
cients and model modifications specifically reported for axisymmetric jet flow-
fields. It is clear from Figure 3-3 that the multiple-scale model provides a
very much better representation of far field velocity decay behavior than does
the basic two-equation model, as has been reported earlier by Launder and co-
workers (Ref. 4). The model also provides a good representation of near-field
data, as shown in Figure 3-4, especially when it is noted that the specific
initial conditions associated with the data of Refs. 26 and 27 were not used
for the computations shown. The significance of this is that small differences
in initial conditions (i.e., thickness and state of initial boundary layers,
jet Reynolds number) have been shown (Ref. 24) to exert a marked influence on
the length of the jet potential core. On an inverse velocity ratio plot such
as Figure 3-4, the effect with respect to the calculated results is to change
the intercept of the curve with the abscissa, but not the sliope of the curve.

It should be noted that a portion of the improvement between the two-
equation (k-g) model results and those of the multiple-scale model shown in
Figures 3-3 and 3-4 is traceable to the introduction of the axial gradient
kinetic energy production term and the irrotational strain term in Eqs. 17 and
18. Both of these can be applied to the basic two-equation model (Ref. 14).
The effects of the use of these terms on the prediction of the axisymmetric
jet flowfield is shown, for the multiple-scale model, in Figure 3-5.
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Fig. 3-5. Effects of Additional Terms, Multi-Scale Model

Test case 6 of the 1972 NASA Langley Symposium (Ref. 16) involves an axi-
symmetric cold jet into still air (Ref. 28) at a jet exit Mach number of about
0.6. This flowfield is thus mildly compressible. Computations for this case
were initiated at X/D = 1, using the experimentally measured mean velocity pro-
files and the Prandtl eddy viscosity model to estimate the initial kinetic
energy distribution. Results of the computations are shown in Figure 3-6,
which provide a comparison of the two-equation and multiple-scale model predic-
tions, the latter for two initial kinetic energy partitions. Both the two-
equation and multipie-scale models provide a reasonable prediction of these
data, when the strong-shear kinetic energy partition is used with the multiple-
scale model. Use of a weak-shear partition, kp = kT’ results in a drastic
overprediction of the potential core length for this flow.

Both the two-equation and multiple-scale models strongly underpredict the
potential core length for the supersonic jet, test case 7 of Ref. 16. These
data, from Ref. 29, were obtained using a circular cross-section, Mach 2.22
nozzle designed for axial flow at the exit, operated at design pressure ratio
with the jet total temperature equal to the ambient temperature. They provide
a direct test of the modeling of compressibility effects: data obtained by
Warren (reviewed in Ref. 24) show that the effect of increasing jet exit Mach
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number (and thus also jet exit Reynolds number) for a series of fully-expanded
supersonic jet experiments is an increase in the velocity potential core length.

A similar effect of jet exit Reynolds number on velocity potential core length
is also seen for incompressible jets, as has already been noted, but the effect
for compressible flows is considerably stronger and presumably involves com-
pressibility as well as Reynolds number effects (Ref. 24). As can be seen from
Figure 3-7, neither the basic two-equation model nor the basic multiple-scale
model provides a good representation of the velocity potential core length for
these data, although the downstream velocity decay rate is reasonably well rep-
resented. However, it is possible to improve the observed level of agreement
for the multiple-scale model through the use of a compressibility-effects cor-
rection term, as will be discussed in a subsequent section of this report.
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Fig. 3-6. Compressible Axisymmetric Jet
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The mixing process involved in coaxial air jets was the subject of test
case 9 of the 1972 NASA-Langley Symposium, using data reported by Forstall and
Shapiro (Ref. 30). In this experiment, the mixing process occurred in a 10.2
cm-diameter (4 in.) copper tube, with an inner nozzle diameter of 0.635 cm
(0.251in.). For the test case, the velocity ratio between the outer stream and
the center stream was nominally 0.25; the center stream and outer stream both
involved relatively thick boundary layers at the nozzle exit. Although the
flowfield was ducted, throughout the measurement region the static pressure was
nominally uniform: computations made as part of this program using both con-
stant pressure and constant wall radius boundary conditions confirmed this
assumption. The initial conditions for the computations were established at
the nozzle exit using the measured initial velocity profiles and eddy viscosity
distribution obtained from the boundary layer data of Maise and McDonald (Ref.
20).

Results of the computations are shown in Figure 3-8, for the basic two-
equation model and the multiple-scale model, the latter again with two parti-
tions of the initial turbulent kinetic energy. For this flow, the results of
the two-equation model and the multiple-scale model with kp = 4kT nearly over-

lap; again the use of the weak-shear partition, k_ = kT’ produces an exces-

p
sively long potential core.
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Fig. 3-8. Centerline Velocity Decay, Coaxial Jets

Test case 23 of Ref. 16 involved a relatively more complex flow than the
others considered in this section. The configuration for this experiment in-
volved coaxial jets exhausting into quiescent surroundings. The central jet
was 2.64 cm (1.04 in.) in diameter and was surrounded by an annular nozzle of
5.13 cm (2.02 in.) diameter; both were mounted flush in a plane wall. The
outer jet velocity was approximately 60 m/sec, and the outer jet to inner jet
velocity ratio was 5.05. Thus, the centerline velocity for this case initially
increases as mixing takes place between the higher and lower velocity streams,
and then decreases as mixing with the quiescent surroundings proceeds. Initial
conditions for these computations were established using the mean velocity pro-
files measured at X/D = 0.606 (based on the larger nozzle diameter) along with
measured initial kinetic energy data.

As can be seen from Figure 3-9, neither the two-equation nor the multiple-
scale model provide a good prediction of the initial development of this flow-
field. It is again clear that the strong-shear partition is more appropriate
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than the assumption kp = kT’ and the downstream mixing process is well repre-
sented by both the two-equation and multiple-scale models. Radial velocity and
turbulent kinetic energy profiles for the muitiple-scale calculation of these
data are shown in Figures 3-10 and 3-11, and it appears that at the axial sta-
tion considered, the computed mixing region development is slower than that
experimentally measured. This is evidenced by the reduced width of the com-
puted velocity profile compared to the measured velocity, Figure 3-10, coupled
with the overprediction of the peak turbulent kinetic energy, Figure 3-11. The
measured velocity profiles show a slight off-axis peak, which is not observed
in the predictions. While this difference is consistent with the higher peak
kinetic energy in the predictions than shown by the data, which would result in
a greater mixing rate than experimentally observed, the data for both the mean
velocity and the turbulent kinetic energy appear to be shifted radially rela-
tive to the predicted profiles. Thus, there is some indication that the geo-
metric and flowfield centerlines did not coincide for this experiment.

-Data, Ref. 16, Case 23

UE = 197 ft/sec Prediction

2 equation model
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Fig. 3-9. Coannular Jet
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3.3 WAKES

Supersonic wake phenomena form a basic part of a scramjet combustor flow-
field and thus an examination of the performance of the multiple-scale model in
predicting supersonic planar and axisymmetric wakes was undertaken. The pre-
diction of axisymmetric incompressible wakes was also studied since, as in the
case of jet phenomena, more detailed turbulence structure data is available for
incompressible flows than for compressible flows.

The incompressible axisymmetric wake is represented in Ref. 18 by test
case 15, which uses the data reported by Chevray (Ref. 31). The wake reported
in Ref. 31 is produced by a six-to-one prolate spheroid, 1.52 m (5 ft) long,
suspended in a 1.52 m (5 ft) wide octagonal cross-section low-speed wind
tunnel. The free-stream velocity was about 27 m/sec (90 ft/sec). Detailed
mean flow and turbulence structure data were obtained using a hot-wire anemom-
eter. Computations of this flowfield were complicated by the existence of a
recirculation region downstream of the wake-producing body, so that calcula-
tions were initiated at X/D = 1 using measured mean velocity and turbulent
shear stress data. The results of this computation, using the multiple-scale
model, with kp = 4kT’ are shown in Figure 3-12; reasonably good agreement is

achieved.
O Data
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1.0 ~ P T
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Fig. 3-12. Chevray, Axisymmetric Wake
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Supersonic wake flows again introduce the phenomenon of compressibility
effects, although possibly in a different manner than associated with jet
flows, since in the wake case the mixing flowfield is accelerating rather than
decelerating. Data for a two-dimensional supersonic wake are presented as test
case 16 of Ref. 16; the wake was generated by a two-dimensional stainless steel
ribbon, 0.0102 cm thick and 0.294 cm wide, stretched across a Mach 3 wind
tunnel. Velocity and temperature profiles were obtained to a distance of 18.44
cm downstream of the stainless steel ribbon, yielding a nondimensional distance
of 1840 thicknesses. Computations of this flowfield were begun using measured
profile data of 0.91 cm downstream of the ribbon; turbulent kinetic energy pro-
files were estimated from the Prandtl eddy viscosity model. Results for the
two-equation model and for the multiple-scale model with two initial turbulence

energy partitions are shown in Figure 3-13.
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u 0.8 ° Data, Ref. 16, Case 16
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01 1 1 1 | 1 f | | 1 |
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X/D
Fig. 3-13. Comparison of Model Predictions With 2D Supersonic Wake Data

A companion experiment to that just described is represented by test case
17 of Ref. 16. In this case, an axisymmetric wake was generated by the bound-
ary layer formed on a rod, 0.4 cm in diameter, suspended in a Mach 3 wind
tunnel. The supports of the rod were upstream of the nozzle throat, and test
conditions were such as to yield a laminar boundary layer on the rod, with
transition occurring in the wake close to the base of the rod. The first sur-
vey was carried out 17 diameters from the base, and surveys were carried out

42



to about 60 diameters downstream. As for the two-dimensional wake, computa-
tions were initiated using the measured mean velocity profiles and turbulent
kinetic energy profiles generated using the Prandtl eddy viscosity model.

Computational results obtained using both the two-equation and multiple-
scale models are shown in Figure 3-14. For this case, the equilibrium hypothe-
sis, kp = kT was used to obtain the initial energy partition. Comparing these
results with the planar wake results shown in Figure 3-13, it can be concluded
that the use of a strong-shear partition, kp = 4kT, would produce results
closer to those of the basic two-equation model. It is of interest to note
that for both the two-dimensional and axisymmetric supersonic wakes, the pre-
dictions are most in disagreement with the data early in the computation, where
Mach number profiles across the stream are largest. In part, this observation
is caused by the method of plotting, since both experiment and prediction must
become asymptotic to a velocity ratio of 1.0 as distance increases. Neverthe-
less, this can be taken to indicate that compressibility effects may be de-
scribable by relative, rather than absolute Mach numbers, or by an approach
that considers Mach number gradients across the stream.
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Fig. 3-14. Supersonic Axisymmetric Wake
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3.4 SHEAR LAYERS

The two-dimensional shear layer is a mixing region that forms between two
uniform, but different velocity streams. Although difficult to generate, it is
an important laboratory flowfield; moreover, the behavior of shear layers is
fundamental to the initial region of jets, and to flow over cavities and steps.
It is thus an important component of an overall scramjet combustor flowfield.

Two aspects of shear layer development have been considered in this study.
These are the effect of velocity ratio on shear layer growth rate, for incom-
pressible shear layers, and the effect of Mach number on shear Tlayer growth
rate, for compressible shear layers. In both cases, the shear layer growth
rate parameter has been defined in the manner called for in the 1972 Langley
Symposium (Ref. 16):

o = 1.855 (x2-x1)/(y2-y1)

where y; and y, are the distances between the points at which (U-Ug)/(U1-Ug) is
0.1 and 0.9 at stations x; and x,.

Since o is determined in the fully-developed shear layer region, initial
conditions for shear layer computations are unimportant. For these calcula-
tions, the initial velocity profiles reported by Lee (Ref. 16, Test Case 4)
were used along with Maise and McDonald (Ref. 20) eddy viscosity profiles; for
velocity and Mach number ratios other than that studied by Lee, the experimen-
tal profiles were appropriately scaled. In all cases, the strong-shear kinetic

energy partition was used.

Figure 3-15 shows the fully-developed incompressible shear layer velocity
profile computed for a velocity ratio of 0.375, compared to the data obtained
by Spencer (Ref. 32) and by Brown and Roshko (Ref. 33). It should be noted
that in computing this profile, the viscosity has been assumed to be constant
at the profile edges: that is, for (U-UE)/(UI—UE
equal to the value at (U—UE)/(UI-UE) = 0.1, and the viscosity is also held
constant for (U—UE)/(UI-UE) > 0.90. This modification is often made to improve
profile edge predictions.

) < 0.1, the viscosity is

Results for the change in shear layer growth parameter with velocity ratio
are shown in rFigure 3-16, compared to the empirically derived correlation,
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SQ_= 1- UE/UI

o 1+ UE/UI

which has been found to fit most incompressible shear layer data. The agree-
ment with this correlation obtained using the multiple-scale model is excellent.

Ug/Uy

A 0.3 Spencer (Ref. 32)
o 0.378 Brown & Roshko (Ref. 33)

1.0 "“‘-7%>\§\ —— 0.375 Prediction,
: multi-scale model

Data

-0.8

y'Y;
Y0.1Y0.9

Fig. 3-15. Comparison of Predicted Fully-Developed Shear Layer
Velocity Profile With Experimental Data
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Fig. 3-16. Two-Dimensional Mixing Layer, Far Field Test,
Low Mach Number

Computations of shear Tayer growth rate parameter, o, as a function of
high-speed stream Mach number are shown in Figure 3-17. Both recent shear
layer data and supersonic jet potential core length data indicate that as Mach
number increases, the growth parameter o also increases markedly. The param-
eter o is inversely proportional to the rate of increase of shear layer width;
thus as Mach number “increases, shear layers are observed to grow more slowly.
This results in an increase in jet potential core length observed for super-
sonic jet flow, as already noted. However, the basic multiple-scale model pre-
dicts a small increase in ¢ with high-speed stream Mach number increase, which
is consistent with the underprediction of high-speed jet potential core length

also observed with this turbulence model.
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3.5 TWO-GAS FLOWS

An area of direct interest in scramjet combustor modeling is the mixing of
dissimilar gases. Many scramjet concepts involve the injection of gaseous hy-
drogen fuel into supersonic airstreams, so that investigation of the perfor-
mance of turbulence models has direct appliication to the use of advanced turbu-
Tence models in scramjet combustor analyses. These flowfields introduce strong
density variations, particularly for hydrogen-air flows, as well as the problem
of species transport. For the latter problem, species diffusion is usually
modeled using the same turbulent viscosity as for momentum, modified by a
Schmidt number which is generally in the range 0.7-1.0. (Since for most turbu-
lent mixing problems, the Lewis number is unity, and the Lewis number is the
ratio of the Prandtl and Schmidt numbers, the turbulent Prandtl number is
usually used for both energy and species diffusion.) However, while for conve-
nience the Prandtl (and Schmidt) numbers are usually assumed uniform throughout
the flow, there is some evidence that they are actually variable. For the cal-
culations discussed here, uniform Prandtl and Schmidt numbers have been assumed.
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A well-documented study of hydrogen-air mixing phenomena is that carried
out by Chriss (Refs. 34, 35) and used as test case 10 of Ref. 16. The appa-
ratus used to generate the flowfield consisted of an 8.89 cm (3.5 inch) sub-
sonic air nozzle which formed an annulus around an inner subsonic hydrogen
nozzle. The inner nozzle had an exit inside diameter of 1.27 cm (0.5 in.) and
a nozzle 1ip thickness of 0.127 mm (0.005 in.). For the case considered, the
hydrogen stream velocity was 1006 m/sec (3300 ft/sec) and the hydrogen stream/
air stream velocity ratio (UE/Uj) was 6.30. Initial conditions were defined at
the initial measurement station, X/D = 2.966, using measured mean velocity pro-
files and constant eddy viscosity values chosen to reproduce the shear stress
data contained in Ref. 34.

Results of the computations carried out for this case are shown in Figure
3-18. In all cases, the basic two-equation model and the multiple-scale model
with either kp = kT or kp = 4kT’ the velocity potential core length is overpre-
dicted, as is the concentration potential core length. A constant turbulent
Prandtl number value of 0.85 was used in all calculations, as noted in Figure
3-18. These results may indicate the necessity for a density ratio modifica-
tion to the turbulence model; however, as the rate of decay of both velocity
and concentration is predicted reasonably well in all the calculations shown,
it is not clear from this comparison alone that such a correction is, in
general, necessary.

The details of the velocity and concentration profiles are reasonably well
predicted for this flowfield, as shown in Figures 3-19 and 3-20. Note that
these profiles are normalized with local centerline values, and thus do not re-
flect the spatial mismatch apparent in Figure 3-18.

A second hydrogen-air mixing case considered in this study involves the
data obtained by Eggers, Ref. 36, and used as test case 22 of Ref. 18. In this
case, a subsonic hydrogen stream is surrounded by a supersonic air stream. The
outer air nozzle was designed for a Mach number of 2.50 and had an exit diame-
ter of 15.2 cm (6.0 in.); the inner nozzle, 1.16 cm (0.46 in.) in diameter, was
designed to produce a Mach number 0.91 hydrogen flow. The jets mixed in an un-
confined region at a static pressure of one atmosphere.
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Initial conditions for this flow were established at the nozzle exit,
using measured mean velocity profiles and the Maise and McDonald (Ref. 20) eddy
viscosity profiles to establish the initial turbulent kinetic energy levels.
The strong-shear partition assumption, kp = 4kT was used as part of the initial
conditions for this calculation. Results of the multiple-scale model computa-
tion of this flowfield are shown in Figure 3-21, which indicates that the basic
multiple-scale model provides a reasonably good representation of this flow.
Noteworthy is the decrease in centerline velocity below that on the edge of the
flow for X/D > 18 shown by both the data and the computations. This behavior
is caused by the fact that from a momentum flux standpoint this flowfield is
wakelike in character: despite the relatively high velocity of the center
jet, the density of the jet flow.is so low that its momentum flux is substan-
tially less than that of the outer stream.
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Fig. 3-21. Compressible Coaxial Hydrogen-Air Jets

3.6 COMPRESSIBILITY CORRECTION

It is evident from the comparisons so far presented that the multiple-
scale model does not markedly improve the prediction of the two-equation model
insofar as compressibility effects are concerned. Thus, an examination of
possible compressibility correction terms was initiated. This examination
centered on the modification of the irrotational strain term, which represents
(albeit in a somewhat ad hoc manner) the effects of dilatation on turbulence
production. The effects of compressibility can be shown from the continuity
equation to involve the dilatation, or irrotational component of the strain
field. The data for the supersonic jet into still air (Ref. 29), test case 7
of Ref. 16, were utilized in this preliminary assessment.

Figure 3-22 shows the results of this initial evaluation. It is clear
that the coefficient Cél has a marked influence on the potential core length
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for this flowfield, and that a value of -0.100 (compared to -0.110 as recom-
mended by Launder) provides a markedly improved prediction. Since the value

Cﬁl = -0.110 provides good results for M = 0, the simple correction equation
Cél = -0.110 + 0.009 M was devised. As Figure 3-22 indicates, this provided a
very good prediction of the flowfield development. For a sensitivity check,
Cél = -0.110 + 0.0045 M was also investigated: the results of this computa-

tion fall in between the unmodified model results and those using the initially

described modification.
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Fig. 3-22. Effect of Compressibility Corrections on Supersonic
Jet Predictions

Given the results shown in Figure 3-22, the effect of this preliminary
compressibility correction model on the prediction of shear Tayer growth rate
as a function of Mach number was investigated. It will be recalled that the
basic multiple-scale model predicts a very slow increase of the shear layer
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growth parameter, o, with Mach number, whereas recent shear layer data and in-
ferential evidence from jet experiments indicate a strong increase in ¢ with
Mach number. The results of this investigation are shown in Figure 3-23, which
shows that the postulated compressibility correction has a strong influence,
increasing the value of o (and thus decreasing the effective growth rate of the
shear layer) as a function of Mach number.
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0.8 C51 = -0.11 + 0.009 x M
0.6 |
°0 0.4}
o
0.2 -
oy = 14.64
0 1 L 1 ] i | |
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Fig. 3-23. Effect of Compressibility Correction on Shear Layer Growth
Rate as a Function of Mach Number

The calculations shown in Figure 3-23 were carried out for a velocity
ratio of 0.125, and thus cannot be compared directly with data obtained for
UE/UI = 0; indirect comparison is also difficult since as Mach number is in-
creased, both stream Mach numbers increase in these computations, while this is
not the case when UE/UI = 0. Nevertheless, these results show an increase of ¢
at Mach 5 compared to M = 0 of a factor of 2.3, while available data indicates
an increase of 2.8-3.0 over the same Mach number range for UE/UI = 0 (Ref. 16).

Finally, the effect of the compressibility correction term on the super-
sonic air/subsonic hydrogen mixing data of Eggers (Ref. 36); case 22 of Ref.16,
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was investigated. The results of these computations are shown in Figure 3-24.
In this case, the compressibility correction appears to produce no significant
effect on the predicted potential core length, although for this flow the po-
tential core length is so short that the effect may not be observable. On the
other hand, the initial velocity and species decay rates were markedly affected.
In this computation, the use of the compressibility correction appears to im-
prove the initial decay rate prediction, at the expense of the prediction of
the later period of decay.
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3.7 INCOMPRESSIBLE ELLIPTIC FLOWS

A11 of the results so far discussed have been obtained for parabolic,
boundary-layer type flowfields. For these flows, a variety of reasonably exact
numerical solution techniques exist with which to integrate the equations of
motion, and numerical solution difficulties do not usually interfere with tur-
bulence model evaluation. Such is, unfortunately, not the case for elliptic
flowfields. For these flows, which involve recirculation regions, techniques
for the solution of the full Navier-Stokes equations of motion are required.
While a variety of such techniques exist, none is completely free from numeri-
cal difficulties that can complicate the investigation of turbulence models.

As part of the current program, investigation of the application of turbu-
lence models to the prediction of incompressible recirculating flows has been
initiated. The investigation involves the use of an implicit finite-difference
solution of the Navier-Stokes equations that is similar to the Imperial College
TEACH code. While this code is flexible and general in its formulation, an
adequate solution for the purposes of turbulence model investigation requires
great care and considerable computer resources.

The flowfield under consideration in this investigation is the incompres-
sible, sudden-expansion flow described by Chaturvedi (Ref. 37). This flowfield
involves an area ratio of 4, and the inlet turbulent intensity was extremely
low, of the order of 10_“U§. Computations were carried out using the basic
two-equation turbulence model, with the initial turbulence intensity set at the
value indicated by the data, and also at the value of 0.01U§ generally recom-
mended for use with the code. The corresponding dissipation values were set
equal to chl-s/z
and CD
constant and the axial gradients of all dependent variables vanish. Wall

max® where Smax is proportional to the distance from the wall
= 0.09. At the exit plane, the static pressure is assumed uniform and

boundary conditions for k and € are evaluated by assuming that a Tocal equili-
brium exists between production and dissipation of turbuient kinetic energy,
and that the length scale varies linearly with distance from the wall. Using
this approach, the wall region turbulent kinetic energy and dissipation rate
are, respectively:
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where n, Von Karmans's constant, is taken to be 0.4.

Computations were carried out using several grid sizes. The initial cal-
culations used a 13 (radial) x 25 (axial) grid, and provided surprisingly good
agreement with the experimental data, except near the wall. However, despite
achieving a reasonably good level of convergence based on the mass imbalance
criterion embodied in the code, the predicted recirculation zone length was
about half of that experimentally measured. To improve the near-wall region,
and thus the recirculation zone prediction, finer grid spacings were tried.
The first of these, a 50 (radial) x 50 (axial) grid did not produce useful re-
sults because of excessive grid aspect ratio (Ax/Ar). The second, 25 (radial)
x 100 (axial) provided very good results.

Figures 3-25 through 3-30 depict the radial profiles of axial velocity and
turbulent kinetic energy predicted using the two-equation turbulence model com-
pared to the data obtained by Chaturvedi. With a 25 x 100 grid and 1000 itera-
tions, very good results have been obtained for the mean velocity profiles
(although the mean velocity profiles obtained using a 13 x 25 grid were within
10% of these values). The kinetic energy levels in the shear layer region
bounding the recirculation zone are strongly overpredicted (Figures 3-27 and
3-28), but downstream of the recirculation zone the kinetic energy levels
rapidly relax to the measured values.

Centerline velocity and kinetic energy values obtained using the basic
two-equation model are shown in Figure 3-31 in comparison with the experimental
data. Clearly, the prediction obtained with the experimental initial turbu-
lence levels (as used in the comparisons previously discussed) is superior to
that obtained with an arbitrary, kI = 0.01U§ initial condition. The initial
rate of increase of the kinetic energy is, however, underpredicted for this
flow: this may reflect transition mechanisms that are not incorporated in the

model.
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4. CONCLUSIONS AND RECOMMENDATIONS

Before a turbulence model can be considered to be reliable, it must be
thoroughly tested. This statement risks status as a tautology, yet it must be
taken seriously in the context of the application of turbulence models to the
engineering prediction of flowfields. One result of this study has been to
thoroughly test the application of the multiple-scale turbulence model to a
variety of flows of interest in scramjet combustor applications. Because most
of the available data are for boundary-layer type flows, and because the numer-
ical solution of these flowfields introduces little inaccuracy and complexity,
this study has focused primarily on free jet and wake flowfields. Unfortu-
nately, this emphasis has tended to mask some of the more important attributes
of the multiple-scale model. For example, Hanjalic, Launder, and Schiestel
(Ref. 5) have shown that the multiple-scale model provides greatly improved
prediction of the deve]opment of a boundary layer in a strong adverse pressure
gradient; this flowfield was not considered in the present study.

The bulk of the flowfields considered in this work have been those docu-
mented in the 1972 NASA-Langley Symposium on Free Turbulent Shear Flows. These
flowfields have been emphasized because they are well-documented and include a
wide variety of important phenomena, including the effects of compressibility
and of density gradients caused by molecular weight variation. Further, the
use of these data allows comparison of the predictions of the multiple-scale
model with those of other turbulence models.

In general, this investigation has shown that the multiple-scale model
provides a reliable prediction of the free shear flows included in the 1972
Symposium. It has also been shown that, despite the increased complexity of
the multiple-scale approach in comparison with some other turbulence models,
it is possible to achieve reliable results using a standardized technique for
estimation of initial conditions where detailed initial data do not exist.
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The application of a simple compressibility correction technique to improve
the predictions of the basic incompressible multiple-scale approach in super-
sonic flows has also been demonstrated.

The present study has shown that the multiple-scale model is capable of
increasing the generality of the basic two-equation model without seriously
compromising any of the capabilities inherent in the two-equation formulation.
Thus, it can be confidently applied to the prediction of more complex flows,
where its particular advantages should be more apparent. This study has also
again highlighted the difficulty of investigating turbulence modeling in more
complex flows which require more sophisticated numerical solution techniques
than parabolic, boundary layer flows. This conclusion is not unique: Pope and
Whitelaw (Ref. 13) have also remarked on the difficulties involved in assessing
turbulence models in complex flows, although their focus was more on the prob-
lems of initial and boundary condition specification than numerical difficul-

ties per se.

Further development of turbulence models for scramjet applications should

focus on several specific areas:

1. Both the two-equation model and the multiple-scale model require
corrections for compressibility and, possibly, density ratio
effects. The improvements to be gained through the development
of compressibility corrections to the multiple-scale model have
been indicated by the work described in this report. This area
of research should continue.

2. The multiple-scale model should be applied to the prediction of
more complex flows, specifically subsonic and supersonic boundary
layers undergoing strong pressure gradients.

3. Both the algebraic Reynolds stress formulation and the use of
the multiple-scale model should be investigated for application
to two-dimensional recirculating and three-dimensional parabolic
flows. It should, however, be recognized that in these areas
the development of numerical techniques is the pacing criterion.

64



5. REFERENCES

. Drummond, J. P.; Rogers, R. C.; and Evans, J. S.: Combustor Modelling for
Scramjet Engines. AGARD Conference Proceedings No. 275, Combustor Model-
ling, February 1980, Paper 10.

. Schetz, Joseph A.: Injection and Mixing in Turbulent Flow. Progress in
Astronautics and Aeronautics, vol. 68, AIAA, 1980.

. Launder, B. E.; and Schiestel, R.: On the Utilization of Multiple Time
Scales in the Modeling of Turbulent Flow. C. R. Acad. Sc. Paris,

vol. 286, Series A, 24 April 1978, pp. 709-712 (in French).

. Launder, B. E.; and Schiestel, R.: Application of a Multiple Scale Turbu-
lTence Model to the Calculation of Free Shear Flows. Submitted to C. R.
Acad. Sci. Paris (in French).

. Hanjali¢, K.; Launder, B. E.; and Schiestel, R.: Multiple-Time-Scale
Concepts in Turbulent Transport Modeling. Paper presented at Second
Symposium on Turbulent Shear Flows, July 2-4, 1979, Imperial College,
London.

. Rodi, W.: The Prediction of Free Turbulent Boundary Layers by Use of a
Two-Equation Model of Turbulence. Ph.D. Thesis, Univ. of London, 1972.

. Bray, K. N. C.: Equations of Turbulent Combustion. I Fundamental

Equations of Reacting Turbulent Flow. AASU Report No. 330, Univ. of
Southampton, Department of Aeronautics and Astronautics, Southampton
(England), October 1973.

. Favre, A. J.: The Equations of Compressible Turbulent Gases. Summary
Report No. 1, Contract AF 61(052)-772, Institute de Mecanique Statistique
de 1a Turbulence, Univ. d' Aix-Marseille, January 1965 (AD 622079).

. Bradshaw, P.; Cebeci, T.; and Whitelaw, J. H.: Lecture Series on

Engineering Calculation Methods of Turbulent Flows. Mechanical Engineer-
ing Department, California State University Long Beach, 20-23 June 1977.

65



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

66

Stanford, R. A.; and Libby, P. A.: Further Applications of Hot-Wire
Anemometry to Turbulence Measurements in Helium-Air Mixtures.

Phys. Fluids, vol. 17, no. 7, Jduly 1974, pp. 1353-1361.

Launder, B. E.; Morse, A.; Rodi, W.; and Spalding, D. B.: Prediction of
Free Shear Flows - A Comparison of the Performance of Six Turbulence
Models. Free Turbulent Shear Flows, vol. 1, Conference Proceedings,
NASA SP-321, 1973, pp. 361-426.

Launder, B. E.; and Spalding, D. B.: Mathematical Models of Turbulence,
Academic Press, 1972.

Pope, S. B.; and Whitelaw, J. H.: The Calculation of Near-Wake Flows.

J. Fluid Mech., vol. 73, part 1, pp. 9-32, 1976.

Hanjali¢, K.; and Launder, B. E.: Sensitizing the Dissipation Equation to
Irrotational Strains. J. Fluids Engineering, Trans. ASME, vol. 102,
March 1980, pp. 34-40.

Peters, C. E., and Phares, W. J.: An Integral Turbulent Kinetic Energy
Analysis of Free Shear Flows. Free Turbulent Shear Flows, Vol. I,
Conference Proceedings, NASA SP-321, 1973, pp. 577-628.

Free Turbulent Shear Flows. Vol. 1, Conference Proceedings, vol. 2,
Summary of Data. NASA SP-321, 1973.

Boccio, J. L.; Weilerstein, G.; and Edelman, R. B.: A Mathematical Model
for Jet Engine Combustor Pollutant Emissions. NASA CR-121208, March 1973.

Gosman, A. D.; and Pun, W. M.: Lecture Notes for a Course Entitled
"Calculation of Recirculating Flows.' Imperial College of Science and
Technology, Mechanical Engineering Department, Report HTS/74/2,

December 1973.

Harsha, P. T.: A General Analysis of Free Turbulent Mixing. AEDC TR
73-177, Arnold Engineering Development Center, Arnold Air Force Station,
Tennessee, May 1974 (AD 778415).

Maise, G.; and McDonald, H.: Mixing Length and Kinetic Eddy Viscosity in a
Compressible Boundary Layer. AIAA J., vol. 6, no. 1, January 1978,
pp. 73-80.

Harsha, P. T.; and Lee, S. C.: Correlation Between Turbulent Shear Stress
and Turbulent Kinetic Energy. AIAA J., vol. 8, 1970, pp. 1508-1510.



22.

23.

24.

25.

26.

28.

29.

30.

31.

32.

33.

Wygnanski, I.; and Fiedler, H.: Some Measurements in the Self-Preserving
Jet. J. Fluid Mech., vol. 38, part 3, September 18, 1969, pp. 577-612.

Bradshaw, P.; Ferriss, D. H.; and Johnson, R. F.: Turbulence in the
Noise-Producing Region of a Circular Jet. J. Fluid Mech., vol. 19,
part 4, August 1964, pp. 591-624.

Harsha, P. T.: Free Turbulent Mixing: A Critical Evaluation of Theory
and Experiment. AEDC-TR-71-36, Arnold Engineering Development Center,
February 1971,

Rodi, W.: A Review of Experimental Data of Uniform Density Free Turbulent
Boundary Layers. Studies in Convection, vol. 1, B. E. Launder, ed.
Academic Press, 1975, pp. 79-166.

Albertson, M. L.; Dai, Y. B.; Jensen, R. A.; and Rouse, H.: Diffusion of

Submerged Jets. Transactions ASCE, vol. 115, 1950, pp. 643-664.
vol. 75, no. 7, September 1949, pp. 1019-29.

Maestrello, L.; and McDaid, E.: Acoustic Characteristics of a High-Subsonic
Jet. AIAA J., vol. 9, no. 6, June 1971, pp. 1058-1066.

Eggers, James M.: Velocity Profiles and Eddy Viscosity Distributions

. Baines, W. D.: Diffusion of Submerged Jets-Discussion. Proceedings ASCE,

Downstream of a Mach 2.22 Nozzle Exhausting to Quiescent Air.
NASA TN D-3601, 1966.

Forstall, W., Jr.; and Shapiro, A. H.: Momentum and Mass Transfer in
Coaxial Gas Jets. Journal of Applied Mechanics, vol. 17, December 1950,
pp. 399-408. Discussion: Journal of Applied Mechanics, vol. 18,
June 1951, pp. 219-220.

Chevray, R.: The Turbulent Wake of a Body of Revolution. Journal of
Basic Engineering, Trans. ASME, vol 90, series D, no. 2, June 1968,
op. 275-284.

Spencer, B. W.: Statistical Investigation of Turbulent Velocity and
Pressure Fields in a Two-Stream Mixing Layer. Ph.D. Thesis, Univ. of
I1Tinois, 1970.

Brown, G.; and Roshko, A.: The Effect of Density Difference on the
Turbulent Mixing Layer. AGARD CP-93, January 1972.

67



34.

35.

36.

37.

68

Chriss, D. E.: Experimental Study of the Turbulent Mixing of Subsonic

Axisymmetric Gas Streams. AEDC-TR-68-133, U. S. Air Force,
August 1968. (Available from DTIC as AD 672 975.)

Chriss, D. E.; and Paulk, R. A.: An Experimental Investigation of
Subsonic Coaxial Free Turbulent Mixing. AEDC-TR-71-236,
AFOSR-72-0237TR, U. S. Air Force, Feb. 1972. (Available from
DTIC as AD 737 098.)

Eggers, James M.: Turbulent Mixing of Coaxial Compressible Hydrogen
Air Jets. NASA TN D-6487, 1971.

Chaturvedi, M. C.: Flow Characteristics of Axisymmetric Expansion.
Journal of the Hydraulics Division, Proc. ASCE, vol. 89, no. HY3,
May 1963, pp. 61-92.



1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.

NASA CR-3433 e
4. Title and Subtitie 5. Report Date

MULTIPLE-SCALE TURBULENCE MODELING OF BOUNDARY LAYER May 1981

FLOWS FOR SCRAMJET APPLICATIONS 6. Performing Organization Code
7. Authorls) 8. Performing Organization Report No.

G. Fabris, P. T. Harsha and R. B. Edelman SAI-80-022-CP

10. Work Unit No.

. Performing Organization Name and Address

. Sponsoring Agency Name and Address

Science Applications, Inc. 11 Contract or Grant No.
Combustion Science and Advanced Technology Department

21133 Victory Boulevard, Suite 216 NAS1-15988

Canoga Park, Califarnia 91303 13. Type of Report and Period Covered

National Aeronautics and Space Administration Contractor Report
Washington, DC 20546 14. Sponsoring Agency Code

. Supplementary Notes

Langley Technical Monitor: John Evans
Topical Report

. Abstract

As part of an investigation into the application of turbulence models to the
computation of flows in advanced scramjet combustors, the multiple-scale turbulence
model has been applied to a variety of flowfield predictions. The model appears to
have a potential for improved predictions in a variety of areas relevant to
combustor problems. This potential exists because of the partition of the
turbulence energy spectrum that is the major feature of the model and which allows
the turbulence energy dissipation rate to be cut of phase with turbulent energy
production. To establish the general reliability of the approach, it has been
tested through comparison of predictions with experimental data from the Free
Turbulent Shear Flow Conference held at NASA-Langley in 1972. The computations have
been made using a consistent method of generating experimentally unavailable initial
conditions. An appreciable overall improvement in the generality of the predictions
is observed, as compared to those of the basic two-equation turbulence modei. A
Mach number-related correction is found to be necessary to satisfactorily predict
the spreading rate of the supersonic jet and mixing layer.

. Key Words (Suggested by Author(s)) 18. 7Distribution Statement

Turbulence modeling Unclassified - Unlimited
Shear flow turbulence
Turbulent mixing

Compressibility effects Subject Category 34

19.

Security Classif. (of this report) 20. Security Classif. (of this page) 7 i l 21. No. of F"ages
72

22 price |
Ao4
i

Unclassified _ Unclassified

For sale by the National Technical Information Service, Springfield, Virginia 22161

NASA-Langley, 1981



